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The pionic 4f --, 3d X-ray transitions in Pt and Au have been observed. The strong interaction monopole shifts e o and widths I" o of the 4f and 3d levels have been deduced. For the pionic 4f levels standard optical potentials predict the experimental values quite well, whereas the deeper bound 3d states have shifts and widths that are smaller by a factor of about two than the theoretical predictions.
To learn more about the strong pion-nucleus interaction and to get a better understanding of the pionic optical potential, pion absorption from deeply bound states in pionic atoms has been studied for many years. The strong interaction effects of several levels in the same nucleus, but with different principal and orbital quantum numbers n and I are of particular interest to study the density dependence of the pionnucleus interaction. Such studies [1] [2] [3] [4] [5] have e.g. been carried out for pionic Ta, Re and Bi. Measured were the strong interaction shifts, e 0, and widths, P0, of the 4f level, a more peripheral state, and also the shifts and widths of the more deeply bound 3d orbit. While the standard optical potentials were able to explain the observed e0(4f ) and F0(4f), they failed to describe the shifts and widths of the 3d level. The observed e0(3d ) and P0(3d)are typically about a factor two smaller than predicted. A similar observation has been made for the absorption widths of other deeply bound pionic-atom states: the 3p orbit [6] in 11°pd, the 2p orbit [7] in 75As and the ls orbit [8] in 23Na. For these cases the absorption widths have been reported to be narrower by a factor of about 1.5 as compared to the theoretical predictions.
Several authors [3, 9, [11] [12] [13] [14] have suggested expla-24 nations for the anomalous shifts. The strong interaction level shift is due to an interplay between the attractive P-wave and the repulsive S-wave interaction terms in the optical potential [3] . Therefore, a small change in the large absolute value of one of the terms contributing to the energy shift, can have a large effect on the values of e o. For the strong interaction absorption width the Sand P-wave contributions to the absorption width are additive. Therefore, the anomalous widths are more difficult to explain. It seems that one has to go outside the framework of the existing optical potential models to describe the 7r-nucleus interaction for these low-lying levels.
Clearly, these surprising results must be further studied and we therefore have measured the X-ray transitions to deep lying orbits in pionic Pt and Au. These target nuclei are almost spherical, which simplifies the analysis of the spectra. The present measurements are the first experimental results from the new pion-muon facility of NIKHEF at Amsterdam.
The strong interaction effects grow rapidly from one level to the next lower one, leading to a fast decrease in intensity of X rays for subsequent transitions. on an X-ray transition is large enough to be directly observable, as is the case for the pionic 5g ~ 4f transitions in Pt and Au, the subsequent transition will be much broader and weaker. This is one reason why the 4f ~ 3d transition for Pt and Au has not been observed earlier. One also suffers here from a large background induced by neutrons in the Ge detectors. The Ge isotopes have nuclear levels in the energy region of interest. This will cause complications since Ge levels will be excited by inelastic scattering of neutrons emitted after pion absorption in the target. Therefore, in this experiment a new and powerful combination of two techniques has been used. One is Compton suppression to reduce Comptons from high energy 7-ray background and the other a time-of-flight method to discriminate between pionic X-ray transitions and background induced by neutrons from the target. The experiments were performed at the pion channel with 140 MeV/c pions, which were stopped in platinum and gold targets with thicknesses of 4.29 and 3.86 g/cm 2, respectively. The pionic X rays were detected by two large-volume n-type germanium detectors each surrounded by a Compton suppression shield.
In fig. 1 the full X-ray spectra of Pt and Au are shown, while the insert displays the relevant part of the spectra for the 4f~3d pionic Au X rays, after a cut has been applied on the prompt part of the time distribution. These spectra are essentially free from neutroninduced background.
From the measured spectra we obtained energies and relative X-ray intensities of the pionic cascade (see table 1 ). The relative X-ray intensities have been corrected for self-absorption in the target. The angular dependence of the target thickness is negligible due to the small solid angle subtended by the Ge detectors.
The strong interaction widths of the 4f and 3 d levels (see table 2) were extracted from the spectra by using a lorentzian line shape folded with the response function of the Ge detector, as described in ref. [5] . This instrumental response function is especially important when analyzing the 5g ~ 4f X-ray transition. Since for these transitions the lorentzian line width is of the same order of magnitude. In the case of the broad 4f ~ 3d transitions the lorentzian width is an order of magnitude larger than the instrumental one. The background used when analyzing the 4f ~ 3d tran- a) Parameter used in reference [3] .
sitions in Pt and Au was obtained by fitting an exponential function over larger energy intervals below and above (up to 2 MeV) the transition energy. This background was then used in the fits of the X-ray transitien. As it also determines the intensity of the 4f-+ 3d X ray, the background is a crucial check of the intensity balance for the 4flevel. As is indicated in the insert of fig. 1 we simultaneously fitted the 9g ~ 4f, 10g ~ 4f pionic X rays, and the 1158 keV 7-ray, which coincide with the chosen energy interval for the fit. From the relative intensities of the pionic X rays, the feeding of the 4f level can be determined. The yield of the 4f ~ 3d transition depopulating the 4f level can be used to determine its strong interaction width F0(4f ). From the experimental X-ray intensities and the electromagnetic radiative widths Frad(4f) = 119.8 eV (Pt) and 126.5 eV (Au) the strong interaction widths P0(4f) = 0.69 -+ 0.10 keV and 0.89 -+ 0.13 keV were obtained for pionic Pt and Au, respectively. The values compare well with the theoretical values and the directly measured values given in table 2. This result indicates that the background subtraction is correct. The systematic error, contributing to the uncertainty in the analyzed experimental Lorentz widths of the 3d levels in Pt and Au, is estimated to be 2 keV, about half the statistical error given in table 2.
For the Au data the 5g ~ 4f and the 4f ~ 3d transitions were fitted with and without hyperfine components to determine its influence on the analysis. Due to the small quadrupole moment of 197Au (Q = 0.59 b) and the low spin value of the nuclear ground state, the hyperfine splitting in the 4f -~ 3d transition is of the order of 2.8 keV, about half the experimental uncertainty in the fitted value for the strong interaction width F 0.
By subtracting from the fitted values the radiative widths of the initial and final levels, we arrive at the values presented in table 2. In the case of P0(3d) one has to correct for F0(4f ) in the experimental line width as well. The experimental shifts of the levels due to the strong interaction are also shown in table 2. They are obtained from the strong interaction shift of the transition energies in table 1 by correcting for the strong interaction shift of the upper level. Since several nl 4f transitions have been observed, a weighted average of the experimental strong interaction shifts e0(4f ) is given. Also shown in table 2 are the predictions of three commonly used optical potentials for the strong interaction effects e 0 and F 0. The shift due to the Coulomb finite size effect is shown separately. While there is some variation, all three models essentially agree on the observed e 0 and F 0 for the 4f state. How-ever, the observed strong interaction width, P0(3d), is again much smaller than predicted by any of the models. Therefore, the same anomaly which was observed in Ta, Re and Bi is also found for the deeply bound pionic 3d state in Pt and Au. The shift is also not well predicted by the optical potential models, but the disagreement is not quite as large as for the width.
As mentioned above, there are explanations for the shift e0(3d ). The modified optical potential by Ericson and Tauscher [9] for example yields a shift e0(3d ) for Au that is about 10% larger than the experimental value. The addition of an energy-dependent term to the S-wave parameter b 0 of the optical potential as discussed by these authors effectively shifts some strengths of the attractive P-wave part to the repulsive S-wave part in the conventional potential. Another way to explain the small observed shifts has been suggested by Seki [13] and Kunselman et al. [14] . These authors point out that by using a neutron density distribution that is more extended than the proton distribution one can explain the shifts e0(3d ) and e0(4f). We find that an increase of the neutron half-density radius, en, by 0.6 fm yields an agreement with our measurements. No theory, however, can explain the observed anomalous widths F0(3d ). An increase of the neutron half-density radius as suggested in refs. [13, 14] has very little effect on F0(3d); one would need an unrealistically large c n -Cp of 2 fm to obtain agreement with the measured P0(3d).
We fred that the strong interaction width, and to some extent also the shift, of the deeply bound 3d level is anomalously small. This confirms similar effects observed in other deeply bound states of pionic Na, As, Pd, Ta, Re and Bi. While there are some theoretical explanations for the small observed shifts, no attempt to describe the anomalously narrow widths has yet been successful. The absorption widths of the low lying states therefore remain a puzzle.
